A detailed investigation into the chromatographic retention behaviour and separation of the three regioisomers of the Novel Psychoactive Substance (NPS) methoxphenidine (i.e. 2-, 3-and 4-MXP isomers) has revealed the ionization state of the analyte and stationary phase, to be the controlling factor in dictating which retention mechanism is in operation. At low pH, poor separation and retention was observed. In contrast, at intermediate pH, enhanced retention and separation of the three MXP isomers was obtained; it appeared that there was a synergistic effect between the electrostatic and hydrophobic mechanisms. At high pH, the MXP isomers were retained by hydrophobic retention. Accurate retention time predictions (<0.5%) were achievable using non-linear retention models (3 × 3). This allowed the optimization of the gradient separation of the MXP isomers using a two-dimensional gradient and temperature design space. Prediction errors for peak width and resolution were, in most cases, lower than 5%. The use of linear models (2 × 2) still afforded retention time and resolution accuracies of <2.3 and 11% respectively. A rapid and highly sensitive LC-MS friendly method (i.e. R smin > 5 within 4 min) was predicted and verified. The developed methodology should be highly suitable for the rapid, specific and sensitive detection and control of MXP regioisomers.
Introduction
Designer drugs are analogues of controlled substances that are designed to produce effects similar to the controlled substances they mimic [1] . The rate at which such substances are appearing poses significant issues for forensic laboratories with respect to identification and quantification, as validated analytical methods and reference standards are not usually available [2] [3] [4] .
Dissociative diarylethylamine anaesthetics ( Fig. 1 ) such as diphenidine (1) [5] and 2-methoxphenidine (2-MXP, 2) [6] are investigation into the retention behaviour. Analytical differentiation of regioisomers is a significant issue in forensic drug analysis, because, in most cases, legal controls are placed on only one or two of the conceivable isomers and require a forensic scientist to show unequivocally that a sample submitted is in fact a controlled drug and not one of the non-controlled regioisomers. This can be readily achieved using Nuclear Magnetic Resonance (NMR) spectroscopy, however, few forensic laboratories have such instruments and the discrimination of regioisomers using the technique is both cost and labour intensive. Geyer et al. has recently published a validated GC-(EI)-MS protocol for the qualitative and quantitative analysis of thirteen diarylethylamine derivatives (including 2-MXP and its isomers) in seized powder samples -however, the published method has significant limitations in terms of overall analysis time (circa. 45 mins) [11] . This HPLC method provides, for the first time, both a general screening method and quantification of the active components for seized solid samples of methoxphenidine, which is significantly superior to the previously reported GC-MS [11] and HPLC [6, 10] methods in terms of overall run time (7 mins) and resolution of the regioisomers.
In contrast, this current paper reports the retention behaviour and separation of the three regioisomeric methoxphenidines as a function of pH, temperature, proportion of organic modifier and buffer concentration on a variety of RP columns of widely differing chromatographic selectivity. Six new generation RP silica phases were selected from the same manufacturer in order to minimize any problems associated with differing base silica acidities [12] . Three totally porous particles (TPP) (i.e. C18-AR, C18 and C18-PFP) were selected as previously these stationary phases have demonstrated complementary chromatographic selectivity to each other [12] . In addition, three high pH stable phases (which have been shown to possess similar selectivity to their non-high pH stable TPP counterparts [i.e. TPP C18 versus the TPP and superficially porous particles (SPP) SuperC18 materials plus the TPP C18-AR and SPP Super Phenyl hexyl phases] were additionally selected in order to allow the basic MXP regioisomers to be chromatographed, at high pH, in their ion-suppressed form. The three-high pH stable phases have been reported to show good stability up to pH 11 [13] .
A detailed investigation into the retention mechanism of these regioisomeric substances was performed as a function of stationary phase chemistry, mobile phase pH, proportion of organic modifier and buffer concentration. The most promising chromatographic conditions were then subjected to retention modelling and optimization in order to develop a rapid, highly selective and robust UHPLC-UV separation of the 2-, 3-and 4-MXP isomers, within bulk forensic samples, using LC-MS friendly conditions.
Materials and methods

Chemicals and reagents
All water and solvents used were HPLC grade, test analytes and mobile phase chemicals were supplied by Sigma-Aldrich (Poole, UK) and Fisher Scientific (Loughborough, UK). Samples of the three methoxphenidine isomers (2-4) were prepared, under UK Home Office Drug Licence (No. 337201), as their corresponding hydrochloride salts at Manchester Metropolitan University. The synthesis of the racemic target compounds was achieved using the previously reported method [11] in 52-77% overall yield. The hydrochloride salts were obtained as stable, colourless to off-white powders ( Fig. 1 ) and determined to be soluble (10 mg mL −1 ) in deionised water, methanol, dichloromethane and dimethylsulfoxide. To ensure the authenticity of the materials utilized in this study the three synthesized samples were fully structurally characterized by 1 H NMR, 13 C NMR, GC-MS and ATR-FTIR and the purity of all samples confirmed by elemental analysis ( > 99.5% in all cases) [11] .
Methoxphenidine (MXP) isomers
Stock solutions of the individual isomers of methoxphenidine were made up in MeCN/water (1:1 v/v) at a concentration of 1 mg mL −1 . A mixture of the isomers was prepared and then diluted to 100 g mL −1 (of each isomer) with MeCN/water (1:1 v/v) for the chromatographic studies.
Software
LogD and pK a values were predicted (ACD/Percepta, Toronto, Canada, version 2016.1.1) and retention modelling and optimization (ACD/LC Simulator, version 2016.1.1) were performed using software from ACD/Labs (Advanced Chemistry Development Inc., Toronto, Canada). Buffers of a desired pH and buffer concentration were determined by the Buffer Maker software (ChemBuddy, Marki, Poland, version 1.0.1.55).
Instrumentation
UHPLC instrumentation
UHPLC was performed on the following instrumentation: Agilent 1290 Infinity UHPLC systems ( Agilent Technologies, Waldbronn, Germany ) equipped with either binary (model G4220A) or quaternary (model G4204A) pumps used in conjunction with an integrated degasser (model G4220A), autosampler (model G4226A), column oven model (G1316C), photodiode array detector (model G4212A) equipped with a 1 L/10 mm pathlength flow cell, 380 L Jet Weaver mixer and a 12 position/13 port solvent selection valve (model G1160A), was used to allow the automated selection of up to 12 different eluents from mobile phase line C of the Agilent 1290 Infinity quaternary UHPLC, the system(s) was controlled and data collected by means of ChemStation (Agilent Technologies, Waldbronn, Germany, version B.04.03). Shimadzu Nexera X2 UHPLC (Shimadzu UK Ltd, Milton Keynes, UK) equipped with LC-30AD pumps, DGU-20A5R degassers, SIL-30AC autosampler, CTO-20AC column oven, SPD-M30A photodiode array detector equipped with a 10 L/10 mm pathlength flow cell, 180 L mixer, the system was controlled and data collected by means of Lab-Solutions software (Shimadzu UK Ltd, Milton Keynes, UK, version 5.86).
Liquid chromatography
pH measurements were recorded in the aqueous fraction of the mobile phase and quoted as w w pH. At least 20 column volumes of the appropriate mobile phase were flushed through the columns prior to commencing the testing or on changing the mobile phase conditions. The totally porous ACE C18, C18-PFP, C18-AR (5 m, 100 Å, 150 × 4.6 mm I.D. format), C18-AR, SuperC18 (3 m, 100 Å, 50 × 4.6 mm I.D. format), ACE UltraCore superficially porous SuperC18 and SuperPhenylhexyl (2.5 m, 100 Å, 50 × 4.6 mm I.D. format) columns were as supplied by Advanced Chromatography Technologies (Aberdeen, Scotland, UK). The integrity of all the columns was confirmed periodically throughout the experiments by injecting a suitable non-polar test mixture (i.e. uracil, toluene, biphenyl, dimethyl phthlate and phenanthrene) before and after the experiments. All columns gave retention times, efficiency and peak symmetry levels >95% of their initial value. The mobile phase was degassed and mixed on-line for the aqueous/organic mixtures.
The first baseline disturbance for a water injection was used as the dead time (t M ) marker. A flow rate of 1.0 mL min −1 and a 2 L injection was used in all experiments and a column temperature was maintained between 20 and 70 • C. The diode array detector was set to monitor a wavelength of 278 nm with a reference at 360 nm. The data sampling rate was set at 40 Hz. Peak width and symmetry was determined at half height as reported by the ChemStation software or LabSolutions software. For the retention modelling the peak width at base was calculated by multiplying the peak width at half height by 1.699 [to generate the 4, United States Pharmacopeia (USP) peak width values]. Chromatographic values reported are the average of duplicate injections. Retention factors (k) were calculated for isocratic conditions using the following equation; k = (t R − t M )/t M . Where t R = retention time of the isomer and t M = void time of an unretained analyte. Evaluation of the effect of ammonium acetate (pH 6.8) concentration (1-14 mM) on the retention of the methoxphenidine isomers was performed on an ACE C18-AR 3 m 50 × 4.6 mm column at 54% MeCN concentration, 30 • C, 1 mL min −1 using the Agilent 1290 Infinity Quaternary UHPLC. Mobile phase A) 100 mM ammonium acetate (pH 6.8 unadjusted), B) MeCN, C) water. The appropriate buffer concentrates were mixed on-line, for example 10 mM buffer in MeCN/water was prepared by mixing A:B:C in the ratio 10:54:36 v/v/v. Evaluation of the effect of the proportion of MeCN (18-63% v/v) on the retention of the methoxphenidine isomers was performed on an ACE C18-AR and ACE SuperC18, 3 m, 50 × 4.6 mm column, 1 mL min −1 , 60 • C, mobile phase A) 10 mM ammonium acetate (pH 6.8 unadjusted), 10 mM ammonium formate (pH 3) or 18.6 mM ammonia (pH 10.7) in water, B) the appropriate buffer in MeCN/water (9:1 v/v) using the Agilent 1290 Infinity Binary UHPLC.
Effect of temperature on the retention of the MXP isomers (see Section 3.5)
Evaluation of the effect of temperature • C) on the retention of the methoxphenidine isomers was performed on an ACE C18-AR, 3 m, 50 × 4.6 mm column using 60%B (i.e. 54% v/v MeCN), 1 mL min −1 , mobile phase A) 10 mM ammonium acetate (pH 6.8 unadjusted) in water, B) 10 mM ammonium acetate (pH of 6.8 unadjusted) in MeCN/water (9:1 v/v) using the Shimadzu Nexera X2 UHPLC.
Effect of pH on the retention of the MXP isomers (see Section 3.2)
Evaluation of the effect of pH on the retention of the methoxphenidine isomers was performed on ACE UltraCore SuperC18 and C18-AR columns, 2.5 and 3 m respectively, 50 × 4.6 mm column at 60%B (i.e. 54% v/v MeCN), 50 • C, 1 mL min −1 , mobile phase A) 10 mM ammonium formate pH 3, B) 10 mM ammonium acetate (unadjusted pH of 6.8) and c) 18 mM ammonia (unadjusted pH of 10.7) using the Agilent 1290 Infinity Quaternary UHPLC.
2.4.5. Effect of pH over the range pH 8-10.7 on the retention of the MXP isomers (see Section 3.2.3)
Evaluation of the effect of high pH (pH 8, 9, 9.25, 9.5, 9.75, 10 and 10.7) on the retention of the methoxphenidine isomers was performed on an ACE Ultracore SuperC18, 2.5 m, 50 × 4.6 mm column using 10 mM ammonia/acetic acid buffers (ammonia concentration kept constant) in MeCN/water (54:46 v/v), 50 • C, 1 mL min −1 using the Agilent 1290 Infinity Quaternary UHPLC. Stock pH buffers were prepared as described by the Buffer Maker Software. An ACE C18-AR column (3 m, 50 × 4.6 mm) was used at a flow rate of 1 mL min −1 using the Shimadzu Nexera X2 UHPLC. Sixteen input runs and six validation runs were performed (see Section 3.7.2, Fig. 6 ). Mobile phase A consisted of 10 mM ammonium acetate (unadjusted pH 6.8) and mobile phase B of 10 mM ammonium acetate (unadjusted pH 6.8) in MeCN/water (9:1 v/v). A temperature range of 30-70 • C was investigated (see Fig. 6 ). The%B gradient range was run between 40 and 70%B. After the selected gradient run time (t G ) was reached, a 5-min hold time at 70%B, 1-min ramp down to 40%B, and a 5-min post time at 40%B were employed.
Results and discussion
Chromatographic separation of the methoxphenidine (MXP) regioisomers as a function of stationary phase chemistry
The TPP ACE C18, C18-AR and C18-PFP and the high pH stable SPP SuperC18 and SuperPhenylhexyl phases, which possess differing bonded ligands on the silica, have recently been showed to exhibit differing chromatographic selectivities (see Supplementary electronic information Table SEI 1) due to the ligands' differing propensity to participate in hydrophobic, aromatic (i.e. acid and base interactions), dipole -dipole interactions, hydrogen bonding and electrostatic interaction with various analytes under a range of chromatographic conditions [13] . Hence, it was somewhat surprising that these phases failed to exhibit any major selectivity differences irrespective of mobile phase pH suggesting that the MXP interactions with the differing stationary phase ligands was not the controlling retention mechanism.
Chromatographic separation of the methoxphenidine (MXP) regioi-somers as a function of pH
The regioisomers of methoxphenidine are hydrophobic compounds with tertiary amine functionality, with calculated pK a values of 8.7, 9.1 and 9.4 for the 2-, 3-and 4-MXP isomers respectively. Hence, the effect of pH was investigated in order to assess the influence of hydrophobic and electrostatic interactions on their chromatographic retention.
Chromatographic separation of the methoxphenidine (MXP) regioisomers at low pH
Chromatography of the regioisomeric analytes ( Fig. 1, 2-4 ) on the TPP ACE C18, C18-AR and C18-PFP, at low pH, resulted in low retention and only partial separation of the isomers (data not shown). The low retention and the elution order observed on the three TPP phases, at low pH with 10 mM ammonium formate pH 3 mirrored that was previously reported by McLaughlin et al. [6] using another phenylhexyl phase (i.e. the 2-isomer (2) eluted after the partial separation of the 3-and 4-isomers). Separation selectivity was not improved even when lower%MeCN containing mobile phases were employed in order to improve retention (see Fig. 4a ). The low retention (see Fig. 2a for a typical chromatogram on the SPP SuperC18 column) may be attributed to the mutual repulsion of the adsorbed protonated MXP isomers and the low acidity of the new generation silica columns used in this study.
Chromatographic separation of the methoxphenidine (MXP) regioisomers at intermediate pH
Chromatography at pH 6.8 (i.e. 10 mM ammonia acetate) using the C18-AR, SuperC18 and SuperPhenylHexyl phases resulted in enhanced retention and excellent separation of the regioisomers (the C18 and C18-PFP phases were not evaluated). Fig. 2b is typical of the separation that could be achieved on these phases at intermediate pH using the SPP SuperC18. Once again, the same elution order (i.e. 2-MXP, 4-MXP, 3-MXP) was obtained on each phase, which was surprising, given the large chromatographic selectivity differences that exists between the C18 and phenyl phases (see Supplementary electronic information Table SEI 
Chromatographic separation of the methoxphenidine (MXP) regioisomers at high pH
Chromatography on the high pH stable SPP & TPP phases (i.e. SuperC18 and SuperPhenylHexyl) at pH 10.7 (i.e. 18 mM ammonia) exhibited enhanced retention and good resolution of all of the isomers with the same elution order (i.e. 4-MXP, 3-MXP, 2-MXP) irrespective of the phase chemistry. Fig. 2c highlights a typical separation at high pH conditions using the SPP SuperC18 phase. Interestingly, the elution order of the isomers at high pH was different to that observed using intermediate pH conditions (i.e. 2-MXP, 4-MXP, 3-MXP). It is presumed that the high pH of the mobile phase renders the MXP molecules uncharged hence eliminating the possibility of ion exchange interactions and increasing the hydrophobic and -interaction of the neutral MXP analytes with the stationary phase. As only small differences in selectivity were observed between the C18 and phenyl phases, we must conclude that there is minimal -interaction of the analytes with the phenyl phase, this may be attributed to the fact that MeCN was used as the organic modifier [14, 15] .
The retention of each of the isomers was in line with their estimated logD values in that greater retention was observed at pH 10.7 when the MXP isomers were in their unionized forms. (e.g. the 4-MXP's LogD values were estimated at pH 3, 6.8 and 10.7 to be 1.76, 2.41 and 4.84 respectively).
In order to gain a better understanding of the retention behaviour of the MXP isomers at pH conditions spanning their estimated pK a values [i.e. ACD Percepta estimates of 9.4 (4-MXP), 9.1 (3-MXP), and 8.7 (2-MXP)] their retention over the pH range of 8-11 was investigated on the high pH stable SPP SuperC18 at constant ammonia concentration (see Supplementary electronic information Figure SEI 1 ). Up to a w w pH of 9.5, the elution order remained the same as that at pH 6.8; the retention of all the isomers becoming progressively longer presumably due to a greater influence from hydrophobic retention mechanisms as the mobile phases becomes progressively more alkaline and the MXP isomers less protonated. Between w w pH 9.75 and 11 (the latter is the maximum operating pH for this phase) a switch in the elution order was observed. The 2-MXP which between w w pH 6.8-9.5 eluted before the 4-MXP and 3-MXP isomers respectively, at w w pH 11 eluted after the 4-MXP and 3-MXP isomers respectively. The same observations were seen on another high pH stable phase (i.e. the bridged ethyl hybridXBridge C18 phase -data not shown).
Addition of sodium chloride into the high pH mobile phase with the TPP SuperC18 phase (see Supplementary electronic information Figure SEI 2) failed to affect the retention time of the MXP regioisomers due to the fact that they were chromatographed in their ion-suppressed form at pH 10.7 (i.e. as the free bases). In comparison, the addition of sodium chloride to the intermediate pH mobile decreased the retention of the methoxphenidine isomer as expected due to competition of the positively charged sodium and MXP ions for the negatively charged silanol groups on the surface of the stationary phase.
Due to the enhanced separation (i.e. resolution and speed) of the isomers at intermediate pH, a more detailed study into the chromatographic parameters which control their retention was performed at intermediate pH using the ACE C18-AR and SuperC18 phases as phase chemistry did not appear to be a major factor in determining chromatographic selectivity.
Effect of buffer concentration at intermediate pH
The effect of ammonium acetate concentration was investigated at 30 • C with a w w pH 6.8 mobile phase on the C18-AR phase (see Fig. 3 ). According to ion exchange theory [16] [17] [18] retention has been proposed to be related to buffer concentration as expressed in Eq. (1).
where k = retention factor, a, b and c are coefficients and x = chromatographic variable (i.e. proportion of organic or buffer concentration) Fig. 3 . Effect of buffer concentration on the retention on the regioisomers at pH 6.8 using an ACE C18-AR, 3 m, 50 × 4.6 mm column, ammonium acetate (pH 6.8) in MeCN/water (54:46 v/v), 30
• C, 1 mL min −1 , Agilent 1290 Infinity quaternary UHPLC.
Eq. (1) did not provide a good fit for the data shown in Fig. 3 so a more complex model, as described by Eq. (2), was employed.
The observation that increased buffer concentrations generated reduced retention of the MXP isomers highlighted that there is an ion exchange mechanism contributing to retention at intermediate pH.
Effect of the proportion of MeCN at intermediate pH
In contrast to the expected linear relationship (see Eq. (3)) between the log k of the MXP isomers and the proportion of MeCN in the mobile phase [19, 20] , a curved relationship (see Eq. (4)) was observed between the retention of the MXP isomers and the proportion of MeCN in the mobile phase at pH 6.8 (see Fig. 4a for a typical example on the SuperC18 phase). The use of the standard second order polynomial model (see Eq. (4)) used in the retention modelling software was found to generate highly accurate retention predictions (see retention modelling Sections 3.7.1 and 3.7.2).
The curved relationship suggested that, at intermediate pH, a mixed mode retention mechanism was in operation. The negatively charged silanol groups on the phase may attract the positively charged analytes, via an electrostatic attraction, into the hydrophobic phase where it can interact with the bonded ligands. A curved relationship (i.e. second order polynomial model) was also observed at low pH possibly due to a secondary ionic repulsive interaction (see Fig. 4b ). In comparison the relationship at pH 10.7 was observed to be much more linear (see Fig. 4c ) due to the fact that the MXP isomers were chromatographed in their ion suppressed form and hence a simple hydrophobic retention mechanism dominated. 
Table 1
Prediction errors for gradient time models using Eqs. (3) (gradient inputs of 3 and 12 min) and (4) (gradient inputs of 3, 6, 9 and 12 min) as assessed by an interpolation of the retention at a gradient time of 4.5 min using a temperature of 30
• C, where% retention time (tR) = (predicted tR -actual tR)/actual tR, % peak width at 4 x standard deviation (4) = (predicted peak width at 4 − actual peak width at 4)/actual peak width at 4, % Rs at 4 = (predicted resolution (Rs) at 4 -actual Rs at 4)/actual Rs at 4. VD and the column void volume (Vm) = 517 and 458 L respectively.
Column name kPB 5 . The effect of 1/temperature ( • K) on the log of the retention factor of the MXP isomers performed on an ACE C18-AR 3 m 50 × 4.6 mm column using 10 mM ammonium acetate (pH 6.8 unadjusted) in MeCN/water 54:46 v/v, 1 mL min −1 using the Shimadzu Nexera X2 UHPLC.
Effect of temperature at intermediate pH
If a simple hydrophobic retention mechanism was in operation at pH 6.8, then as the temperature was increased the retention time should decrease (i.e. van't Hoff relationship) as shown in Eq. (5) .
Where T = temperature However, if the retention is dependent on multiple interactions, then non-linear responses may be generated and Eq. 6 should be more appropriate [18, 21, 22] .
As can be seen in Fig. 5 , the retention of each MXP isomer on the ACE C18-AR phase behaved differently as a function of temperature in 10 mM ammonium acetate (pH 6.8) MeCN/water (54:46 v/v). The 2-MXP isomer exhibited the expected reduction in retention as temperature increased whereas temperature had little effect on the retention of the 3-MXP and 4-MXP isomers. These observations may reflect differential changes in the pK a of the MXP isomers and the silanol groups on the stationary phase surface and the pH of the organic/aqueous mobile phase as temperature is changed and hence the degree of electrostatic interaction of the regioisomers with the ionized silanol groups. Therefore, it was inferred that the mechanism controlling the retention and separation of the MXP regioisomers at pH 6.8 was attributed to an electrostatic interaction which facilitated hydrophobic interactions.
Retention behaviour conclusions
Stationary phase chemistry appears to have minimal influence on the chromatographic selectivity of the three MXP regioisomers at low, intermediate or high pH mobile phase conditions. At low pH mobile phase conditions, the analytes exhibited minimal retention as a result of mutual repulsion of the adsorbed positively charged analyte on the low acidity stationary phases. In comparison, at intermediate pH enhanced retention and separation of the regioisomers was observed. This was attributed to a synergistic effect of the electrostatic attraction between the ionized analyte and the silanol groups which attracts the charged analyte into the lipophilic stationary phase where hydrophobic interactions could take place. In comparison, at high pH the MXP analytes are chromatographed on the SPP and TPP SuperC18 or phenyl hexyl phases in their neutral form and hydrophobic interactions were the major retention mechanism.
Two-dimensional retention modelling and optimization
The chromatographic separation of the three isomers was greater at pH 6.8 than at either pH 3 or 10.7 (see Figs. 2a-c) . This was further confirmed in preliminary two-dimensional (gradient time versus temperature) retention modelling studies using the SPP Super phenylhexyl and C18 phases, as a function of gradient time (i.e. 5 and 15 min) and temperature (i.e. 30-65 • C) at pH 3 (gradient range 4.5-45% MeCN), 6.8 (36-90% MeCN) and 10.7 (36-90% MeCN). Four experimental input runs were used to construct the 2 × 2 models using Eqs. (3) and (5) in the commercial retention modelling software (see Supplementary electronic information Figures SEI 3 and 4) .
Selection of the most appropriate retention models
From the preliminary two-dimensional retention modelling the following operating parameters were chosen to perform more detailed one-dimensional modelling studies using the ACE C18-AR, which was observed to generate sharper MXP peaks, to confirm which equations would generate the most accurate predictions. A temperature range 30-75 • C, and a gradient time range 3-12 min were evaluated using an initial to final%MeCN of 36-63% MeCN. It was found that there was no need to re-define the dwell volume (V D ) using an iterative process as excellent results were obtained with the calculated value of 517 L using a slightly modified USP methodology for determining V D [23] . Table 1 highlighted that the non-standard Eq. (4) which described a curved relationship between log k and% organic generated more accurate retention time predictions ( t R < 0.11%) than the standard Eq. (3) ( t R < 0.45%) for gradient time modelling.
In a similar manner, Table 2 highlighted that the non-standard Eq. (6) which described a curved relationship between log retention Table   2 Accuracy of the temperature models using factor (k) and 1/temperature generated more accurate retention time predictions ( t R < 0.23%) than the standard Eq. (5) ( t R < 2.19%) for temperature modelling. The LC simulator software utilizes empirical models to calculate peak widths (w base ) as shown in Eqs. (7)- (9) . Where ␣ and ␤ terms are fitted to minimize the residual for the retention time of the front (t Rfront ) and tail (t Rtail ) of the peak.
w base = t Rfront − t Rtail (9) It should be noted that Eqs. (1)- (9) describe isocratic separations, however, by employing numerical calculations where the gradients are divided into a large number of isocratic segments, these equations can be equally applied to gradient separations as described here.
From Tables 1 and 2 it can be seen that the commercially employed equations are able to model and predict the peak width to an acceptable degree with errors of <3% being observed with the models associated with Eqs. (4) and (6) . As a result of the excellent retention time and acceptable peak width predictions excellent resolution predictions of <2% were obtainable when Eqs. (4) and (6) where employed, see Tables 1 and 2. 3.7.2. Gradient time versus temperature on the C18-AR at pH 6.8
As a result of the one-dimensional investigation (see Section 3.7.1) the more complex Eqs. (6) and (4) were employed in the twodimensional temperature and gradient time modelling. In order to model the non-linear relationships of temperature and gradient time on retention, described in Eqs. (6) and (4), sixteen input runs (i.e. 4 × 4) were used in order to generate high quality data.
From the two-dimensional model (see Fig. 6 ), it is possible to iteratively change the V D in order to minimize the predicted versus actual retention time errors for an experimental condition (gradient = 4.5 min and temperature = 30 • C, often classed as a calibration run). However, the model using the determined V D of 517 L was shown to generate <0.08% error for retention time and was hence not changed.
The accuracy of the non-linear 4 × 4 retention model (total of 16 input experiments) was observed to be excellent. The prediction errors for t R , peak width and resolution were <0.5 and <13.7% (most were below 5%), <7.8% respectively (see Table 3 and Fig. 6 ) which is very good compared to the accepted accuracies of 2, 20 and 20% for t R , peak width and resolution respectively [24, 25] .
The resolution plot of gradient time versus temperature demonstrated that the methodology was robust (i.e. Rs >2) within the ranges of gradient time (3-12 min) and temperature (30-75 • C), see Fig. 6a .
A simplified 3 × 3 retention model (i.e. gradient times of 3, 6 and 9 min and temperatures of 30, 45 and 60 • C, total of nine input experiments) which is sufficient to generate second order polynomial relationships generated results very similar to that seen in the more complex 4 × 4 model see Table 4 .
It is interesting to note that if one employed the simple linear 2 × 2 retention modelling using the linear Eqs. (3) and (5) in a cut down four input data experiment (i.e. gradient times of 3 and 12 min and temperatures of 30 and 75 • C), the retention time, peak width and resolution were <2.3 and <16.4%, <10.7% respectively which is still impressive given the substantially smaller number of experimental input runs that are required.
Table 3
Predicted, actual and accuracy of retention time, peak width and resolution from the two-dimensional models (see Fig. 6 ) using equation 4 (tG inputs of 3, 6, 9 and 12 min) and Eq. (6) (temperature inputs of 30, 45, 60 and 70
• C) as assessed by five interpolation conditions within the design space, where% tR = (predicted tR -actual tR)/actual tR, % peak width at 4 = (predicted peak width at 4 -actual peak width at 4)/actual peak width at 4, % Rs at 4 = (predicted Rs at 4 -actual Rs at 4)/actual Rs at 4. VD and Vm = 517 and 458 L respectively. Table 4 Predicted, actual and accuracy of retention time, peak width and resolution from the two-dimensional models using Eq. 
Conclusion
A detailed investigation into the retention behaviour and separation of the regioisomers of methoxphenidine (i.e. 2-MXP, 3-MXP and 4-MXP isomers) has shown that, for this particular separation, the stationary phase chemistry is not a major selectivity parameter. At low pH, poor separation and retention of the MXP isomers was observed presumably due to mutual electrostatic repulsion of the adsorbed protonated analytes. In contrast, at intermediate pH, enhanced retention and separation of all MXP isomers was obtained, it appeared that there was a synergistic effect between the electrostatic and partitioning mechanisms. At high pH, the MXP isomers were retained by a predominantly hydrophobic mechanism due to their unionized form. It was observed that more complicated models were necessary to fully describe the retention of the MXP isomers due to the fact that multiple retention mechanisms were in operation. Using these non-linear models with 4 × 4 or 3 × 3 input runs, it was possible to predict with a high degree of certainly (<0.5%) the retention behaviour of the MXP isomers and then to optimize the gradient separation of the MXP isomers using a gradient and temperature design space. Prediction errors for peak width and resolution were in most cases lower than 5%. If one wishes to slightly sacrifice the prediction accuracy in favour of using a reduced number of experimental input runs, the linear models using a 2 × 2 model still generated retention time accuracy <2.3% yielding resolution accuracies of <11%.
Subsequently, from the 4 × 4 retention model, a rapid and highly sensitive isocratic LC-MS friendly method (i.e. R smin > 5 within 4 min) was predicted and verified. The developed methodology should be highly suitable for the rapid, specific and sensitive detection and control of these novel illicit drugs within bulk forensic samples.
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